Lung cancer accounts for 17% of cancer-related deaths worldwide, and most patients present with locally advanced or metastatic disease. Novel PET imaging agents for assessing vascular endothelial growth factor receptor-2 (VEGFR-2) expression can be used for detecting VEGFR-2-positive malignancies and subsequent monitoring of therapeutic response to VEGFR-2-targeted therapies. Here, we report the synthesis and characterization of an antibodybased imaging agent for PET imaging of VEGFR-2 expression in vivo. Methods: Ramucirumab (named RamAb), a fully humanized IgG1 monoclonal antibody, was conjugated to 2-S-(4-isothiocyanatobenzyl)-1,4,7-triazacyclononane-1,4,7-triacetic acid (p-SCN-Bn-NOTA) and labeled with 64 Cu. Flow cytometry analysis and microscopy studies were performed to compare the VEGFR-2 binding affinity of RamAb and NOTA-RamAb. PET imaging and biodistribution studies were performed in nude mice bearing HCC4006 and A549 xenograft tumors. Ex vivo histopathology was performed to elucidate the expression patterns of VEGFR-2 in different tissues and organs to validate in vivo results. Results: Flow cytometry examination revealed the specific binding capacity of fluorescein isothiocyanate-RamAb to VEGFR-2, and no difference in VEGFR-2 binding affinity was seen between RamAb and NOTA-RamAb. After being labeled with 64 Cu, PET imaging revealed specific and prominent uptake of 64 Cu-NOTA-RamAb in VEGFR-2-positive HCC4006 tumors (9.4 ± 0.5 percentage injected dose per gram at 48 h after injection; n 5 4) and significantly lower uptake in VEGFR-2-negative A549 tumors (4.3 ± 0.2 percentage injected dose per gram at 48 h after injection; n 5 3). Blocking experiments revealed significantly lower uptake in HCC4006 tumors, along with histology analysis, further confirming the VEGFR-2 specificity of 64 Cu-NOTA-RamAb. Conclusion: This study provides initial evidence that 64 Cu-NOTA-RamAb can function as a PET imaging agent for visualizing VEGFR-2 expression in vivo, which may also find potential applications in monitoring the treatment response of VEGFR-2-targeted cancer therapy.
cies, lung cancer remains the leading cause of cancer-related death worldwide, accounting for nearly 17% of all cancer-related deaths (1) . The average 5-y survival rate for all stages of lung cancer remains critically low at 17%, which has been attributed to insufficient early detection in asymptomatic patients (2, 3) . As therapeutic intervention is highly dependent on early diagnoses and efficient tumor staging, there is a vital need for the development of novel imaging agents. Although CT has been extensively used for preoperative evaluation of lung malignancies (e.g., size, location, disease progression), the low reliability for lymph node staging often limits its usage in determining tumor stage and grade (4) . In comparison, PET with 18 F-FDG can enhance diagnostic accuracy by allowing for effortless discernment between benign and malignant lesions, while also improving identification of nodal metastasis (5, 6) . Although 18 F-FDG is a commonly used PET tracer, it displays limited sensitivity and specificity for cancer diagnostics, resulting from the increased metabolism of glucose in several pathologic diseases, including inflammation and infection (7) .
Angiogenesis inhibitors have been used for the treatment of several cancers, including non-small cell lung cancer (NSCLC), with an emphasis on limiting the proangiogenic effects of vascular endothelial growth factor (VEGF) (8) . A primary receptor for VEGF, known as vascular endothelial growth factor receptor 2 (VEGFR-2), is a type II transmembrane tyrosine kinase receptor expressed on cancer cells, endothelial cells, and circulating bone marrow-derived endothelial progenitor cells (9) . The receptor is known to mediate VEGF-induced microvascular permeability, endothelial cell proliferation, and the effects of cellular invasion (10) . Also, VEGFR-2-mediated neovascularization facilitates the maintenance of normal lung structure and function with inhibition of VEGFR-2 signaling, resulting in decreased lung alveolarization and arterial density (11) .
Overexpression of VEGFR-2 is associated with tumor progression and poor prognosis in several cancers, making it an attractive marker for VEGFR-2-targeted diagnostic imaging (12) . Direct imaging of VEGFR-2 would be particularly valuable for tracking patient response to angiogenesis inhibitors, allowing for the monitoring of disease progression (13) . However, highly sensitive screening modalities are needed to image VEGFR-2 expression, as the receptor presence is limited to the endothelium of vasculature. Several SPECT imaging agents, such as 123 I-VEGF 165 , 99m Tc-VEGF 121 , and 111 InhnTf-VEGF, have shown limited success for imaging VEGFR-2 in vivo (14) . 64 Cu-labeled VEGF 121 was successfully used in the dynamic monitoring of VEGFR-1 and VEGFR-2 receptor expression in numerous disease models, including solid tumors, myocardial infarction, and murine hindlimb ischemia (15) . Wang et al. developed a mutated VEGF 121 (VEGF DEE ) for increased VEGFR-2 specificity, yet the challenging synthesis procedures and low tumor signal (;3-5 percentage injected dose per gram [%ID/g]) limited its potential applications (14) . Ramucirumab (RamAb), also known as IMC-1121B, is a fully humanized IgG1 monoclonal antibody that selectively blocks VEGFR-2 signaling (16). Both preclinical and clinical studies have demonstrated the promising efficacy of RamAb for the treatment of various malignancies, including hepatocellular, colorectal, gastric, and lung cancers (17) . Effective imaging of VEGFR-2 in patients would promote enhanced patient stratification, which may allow physicians to monitor the efficacy of anti-VEGFR-2 therapies in the future.
Herein, we developed a novel PET tracer for the imaging of VEGFR-2 expression in lung cancer using the Food and Drug Administration-approved antibody RamAb. To accomplish this task, RamAb was chelated and radiolabeled with 64 Cu ( 64 Cu-NOTARamAb) to investigate its biodistribution and VEGFR-2 targeting efficacy in vivo. Two human NSCLC cell lines were selected on the basis of their relative expression levels of VEGFR-2. High levels of VEGFR-2 expression were previously reported in HCC4006 cells, whereas the A549 cell line is known to have low expression levels (18) . Region-of-interest analysis of PET images was performed for the quantification of 64 Cu-NOTA-RamAb uptake and distribution in major tissues/organs. Furthermore, histologic evaluation was performed to confirm that uptake of 64 Cu-NOTA-RamAb in tumors was dependent on VEGFR-2 expression levels.
MATERIALS AND METHODS

Chemicals
RamAb was obtained commercially. AlexaFluor488-and Cy3-labeled secondary antibodies were purchased from Jackson ImmunoResearch Laboratories, Inc. NHS-Fluorescein was obtained from Thermo Fisher Scientific. 2-S-(4-isothiocyanatobenzyl)-1,4,7-triazacyclononane-1,4,7-triacetic acid (p-SCN-Bn-NOTA) was acquired from Macrocyclics, Inc. PD-10 columns were obtained from GE Healthcare. All other reaction buffers and chemicals used in this study were from Thermo Fisher Scientific.
Cell Lines and Animal Model
Human NSCLC cell lines HCC4006 and A549 and human umbilical vein endothelial cells (HUVECs) were obtained from the American Type Culture Collection. NSCLC cell lines were grown in 5% CO 2 at 37°C in RPMI 1640 medium with high glucose, supplemented with 10% fetal bovine serum. HUVECs were cultured in 5% CO 2 at 37°C in Medium 200, supplemented with low serum growth supplement (Thermo Fisher Scientific). Cells were used for in vitro and in vivo experiments after they reached 60%-70% confluence. All animal studies were conducted under an Institutional Animal Care and Use Committee protocol approved by the University of Wisconsin Institutional Animal Care and Use Committee. For implantation, 5 · 10 6 tumor cells, mixed at 1:1 with phosphatebuffered saline (PBS) and Matrigel (BD Biosciences), were subcutaneously injected into the front flank of 4-to 5-wk-old female athymic nude mice. Tumor diameter was monitored for 3-5 wk after implantation, and mice with tumors between 5 and 8 mm were used for in vivo experiments.
NOTA/Fluorescein Isothiocyanate (FITC) Conjugation and 64 Cu Labeling of RamAb
The conjugation of the radioisotope chelator NOTA to RamAb was accomplished using a protocol previously described (19) . Briefly, a 10:1 ratio of p-SCN-Bn-NOTA and RamAb were incubated together at pH 9.0 at 25°C for 2 h. Similar reaction conditions were performed for the conjugation of RamAb with NHS-Fluorescein. In short, NHS-Fluorescein and RamAb were incubated together at a ratio of 5:1 and allowed to react at 25°C for 2 h. Radioisotopes were produced by a PETrace cyclotron (GE Healthcare) using the 64 Ni(p,n) 64 Cu reaction. 64 Cu labeling and purification followed the routine protocol previously described (20) . Briefly, 64 CuCl 2 (37 MBq) was diluted in 300 mL of 0.1 M sodium acetate buffer (pH 6.5) and added to 20 mg of NOTA-RamAb. The reaction mixture was incubated for 30 min at 37°C with constant shaking. Purification of 64 Cu-NOTA-RamAb from free NOTA was accomplished using PD-10 columns with PBS as the mobile phase.
Confocal Imaging and Flow Cytometry
HUVEC and A549 cells were separately seeded into 8-well cover glass bottom chambers (Lab-Tek II Chambered Coverglass; Thermo Scientific) for confocal microscopy. To each chamber well, 10 nM of RamAb were added with cell medium at 25°C for 1 h. After incubation with AlexaFluor488-labeled goat antihuman IgG (2.5 mg/mL) for 4 h at 25°C, cells were washed and analyzed with an A1R confocal microscope (Nikon).
Flow cytometry analysis was used to evaluate the biologic activity of RamAb. Briefly, HUVEC and A549 cells were harvested and suspended in PBS with 2% bovine serum albumin at a concentration of 5 · 10 6 cells/mL. Cells were incubated with 50 mM FITC-RamAb and FITC-NOTA-RamAb for 1 h at room temperature, washed 3 times with PBS, and centrifuged at 1,000 rpm for 5 min. Cells were washed with PBS and analyzed with a FACSCalibur 4-color analysis cytometer (BectonDickinson); data analysis was accomplished using FlowJo software (Three Star, Inc.).
PET Imaging and Biodistribution Studies
PET imaging and data analysis were performed using the microPET/ micro-CT Inveon rodent model scanner (Siemens Medical Solutions USA, Inc.) as previously described (21, 22) . Each tumor-bearing mouse was intravenously injected with 5-10 MBq of 64 Cu-NOTA-RamAb, and static PET scans were obtained at 3, 24, and 48 h after injection. Tracer uptake was reported as the %ID/g (mean 6 SD; $ 3 mice per group).
Receptor blocking studies were performed to evaluate the specificity of 64 Cu-NOTA-RamAb to VEGFR-2 in vivo. Briefly, 3 mice were each injected with 5-10 MBq of 64 Cu-NOTA-RamAb 24 h after the administration of a blocking dose (50 mg/kg) of RamAb. At the last time point (48 h), biodistribution studies were performed to validate the PET data. Radioactivity in tissues and organs was measured using a g-counter (PerkinElmer).
Histology
Histologic sections of tissue samples were provided by the University of Wisconsin Carbone Cancer Center Experimental Pathology Laboratory. Frozen tissue slices of 5-mm thickness were fixed with cold acetone for 10 min and dried in the air for 30 min. After being rinsed with PBS and blocked with 10% donkey serum for 30 min at 25°C, slices were incubated with 10 nM FITC-RamAb for 6 h at 4°C. After being washed with PBS, tissue slices were stained with rat antimouse CD31 antibody (2 mg/mL) for 4 h at 4°C, followed by Cy3-labeled donkey antirat IgG for 2 h at 25°C. A coverslip was applied to each slide using Vectashield mounting medium for fluorescence microscopy with DAPI (49,6-diamidino-2-phenylindole) (Vector Laboratories, Inc.). All images were acquired using an A1R confocal microscope (Nikon).
Statistical Analysis
Quantitative data were expressed as mean 6 SD. Means were compared using the Student t test, with P values of less than 0.05 considered statistically significant.
RESULTS
Evaluation of Binding Affinity of RamAb to VEGFR-2
Confocal imaging was used to validate the specific binding of RamAb to VEGFR-2 using a cell line known to express high basal levels of VEGFR-2, HUVECs, and a cell line that expresses minimal VEGFR-2, A549. As a control, DAPI was used to stain the nucleus of cells. Confocal imaging verified the high expression of VEGFR-2 in HUVECs, as depicted in the green channel. A slightly positive signal in the green channel is visible for the A549 cells, suggesting that VEGFR-2 was expressed at lower levels in this cell line (Fig. 1A) .
Binding and uptake of RamAb by VEGFR-2 was further confirmed using flow cytometry (Fig. 1B) . Both VEGFR-2-positive cells (HUVEC) and VEGFR-2-negative cells (A549) were incubated with FITC-RamAb to ensure minimal nonspecific binding. A significant shift in FITC intensity is evident between the control (black) and FITC-RamAb (red) samples. Also, blocking of VEGFR-2 in HUVECs resulted in a shift toward the control group, suggesting that blocking effectively decreased the binding and uptake of FITCRamAb. Additionally, there were no observable differences in cellular uptake between FITC-RamAb (red) and the chelated form, FITC-NOTA-RamAb (green)
PET and Biodistribution Studies
The time points of 3, 24, and 48 h after injection were chosen for serial PET scans after intravenous injection of 64 Cu-NOTA-RamAb into A549 and HCC4006 tumor-bearing mice. Maximum-intensity projections of mice are shown in Figure 2 , with corresponding coronal slices of tumor displayed in Supplemental Figure 1 . The quantitative data obtained from the analysis of regions of interest are illustrated in Figure 3 and Supplemental Table 1 . High expression of VEGFR-2 in HCC4006 tumors led to rapid accumulation of 64 Cu-NOTA-RamAb at 3 h after injection, which increased in a time-dependent manner from 3 to 48 h after injection (3.8 6 0.5, 8.2 6 0.5, and 9.4 6 0.5 %ID/g at 3, 24, and 48 h after injection, respectively; n 5 4; Fig. 3A) . Uptake of 64 Cu-NOTA-RamAb in the liver was primarily due to hepatic clearance and transchelation of 64 Cu and gradually decreased over time. Similarly, radioactivity in the blood pool was highest during initial time points and decreased in a time-dependent manner. These findings were consistent with our previous studies of radiolabeled antibodies. The liver uptake (10.4 6 2.2, 8.2 6 0.9, and 7.6 6 0.8 %ID/g at 3, 24, and 48 h after injection, respectively) and blood radioactivity (13.0 6 1.4, 10.9 6 0.6, and 9.8 6 0.6 %ID/g at 3, 24, and 48 h after injection, respectively; Fig. 3A) were similar to the values obtained in the VEGFR-2-negative tumor models (A549). The radioactivity accumulated in other organs and tissues was minimal, further demonstrating the high specificity of RamAb. In comparison, uptake of 64 Cu-NOTA-RamAb in A549 tumors was low (2.6 6 0.3, 4.2 6 0.3, and 4.3 6 0.2 %ID/g at 3, 24, and 48 h after injection, respectively; n 5 3; Fig. 3B ). These values were significantly lower than those of the VEGFR-2-positive tumors (HCC4006) at each time point (P , 0.05), suggesting that VEGFR-2 targeting is the primary factor for the prominent uptake of 64 Cu-NOTA-RamAb in HCC4006 tumors.
Administration of a blocking dose of RamAb significantly reduced the tumor uptake of 64 Cu-NOTA-RamAb to 2.8 6 1.2, 4.2 6 1.3, and 4.4 6 1.3 %ID/g at 3, 24, and 48 h after injection, respectively (n 5 3; P , 0.05 at each time point; Figs. 3C and 3D). Liver uptake (8.4 6 0.6, 6.6 6 0.3, and 6.2 6 0.6 %ID/g at 3, 24, and 48 h after injection, respectively; n 5 3; Fig. 3C ) and blood radioactivity (12.2 6 0.6, 9.1 6 0.2, and 7.8 6 0.1 %ID/g at 3, 24, and 48 h after injection, respectively; n 5 3; Fig. 3C ) of 64 Cu-NOTA-RamAb in the blocking group were comparable to those of mice injected with 64 Cu-NOTA-RamAb alone. Overall, tracer uptake in all major organs was similar between the 2 groups, except for the enhanced uptake found in HCC4006 tumors (significantly higher in the former), further confirming the VEGFR-2 specificity of the tracer.
After the terminal PET scans at 24 h after injection, mice were euthanized for biodistribution studies to validate the quantitative tracer uptake values based on PET imaging data. HCC4006 tumor uptake of 64 Cu-NOTA-RamAb was 9.5 6 2.2 %ID/g at 48 h after injection, significantly higher than 64 Cu-NOTA-RamAb in the blocking group (2.4 6 0.8 %ID/g) and 64 Cu-NOTA-RamAb in A549 tumor (2.2 6 0.7 %ID/g) ( Fig. 4 ; Supplemental Table 2 ). As a result, HCC4006 displayed the highest uptake of 64 Cu-NOTA-RamAb, which provided excellent tumor contrast with tumor-to-muscle ratios of 17.7 6 14.8 (n 5 4) at 24 h after injection. Overall, the biodistribution data matched well with PET region-of-interest data, indicating that the quantitative analysis of noninvasive PET scans accurately reflected the biodistribution of a novel imaging tracer in vivo, as well as VEGFR-2 specificity of 64 Cu-NOTA-RamAb.
Histologic Analysis of Tissues
Mice were sacrificed before tumors and major organs (e.g., liver, kidney, and muscle) were harvested for VEGFR-2 and VEGFR-1 staining (Fig. 5) . Fluorescence from FITCRamAb was shown to overlay with the tumor cells, depicted in blue (Fig. 5A) . In addition, A549 sections showed minimal expression of VEGFR-2 that did not overlay with tumor vasculature (CD31) or cells (DAPI). Blocking of VEGFR-2 effectively resulted in minimal RamAb binding, providing further evidence of RamAb selectivity. This further confirmed that RamAb possesses high binding specificity for VEGFR-2. Additionally, VEGFR-2 staining of mouse liver and kidney displayed low signal, indicating that humanized RamAb antibody does not undergo binding with murine VEGFR-2. Thus, uptake of 64 Cu-NOTA-RamAb in the liver can be attributed to hepatic clearance of the tracer, rather than VEGFR-2 binding. VEGFR-1 immunofluorescence staining in A549 and HCC4006 tumors showed that A549 tumor sections expressed significantly higher levels of VEGFR-1 in comparison to HCC4006 (Fig. 5B) .
DISCUSSION
VEGFR-2 is a crucial target for several clinical and preclinical antiangiogenic therapies, as it is a significant factor in determining cancer progression. VEGFR-2 actively regulated several factors of angiogenesis, including endothelial cell survival, cell migration, and proliferation of blood vessels; thus, imaging of VEGFR-2 expression is vital for selecting patients who may benefit from antiangiogenic therapies (23) . Several strategies have been adopted to block the VEGF/VEGFR-2 signaling pathway for cancer treatment, such as the development of novel agents that prevent VEGF-A binding to its receptor (e.g., bevacizumab, VEGF-trap), antibodies that directly block ligand-induced activation of VEGFR-2 (e.g., RamAb, DC101), and small molecules that inhibit the kinase activity of VEGFR-2 (e.g., SU5416, DMH4) (24) . RamAb was the first human monoclonal antibody approved by the U.S. Food and Drug Administration that specifically targets VEGFR-2 for the treatment of several cancers (25) . RamAb directly targets the extracellular VEGF-binding domain of VEGFR-2, thus preventing binding of all VEGFR-associated ligands. For comparison, RamAb is more selective than bevacizumab, as the therapeutic action of bevacizumab by blocking of VEGFR-1 and VEGFR-2 activity (24) .
Noninvasive imaging and quantification of VEGFR-2 expression may provide physicians with needed information for selecting patients who may benefit from receiving therapeutic intervention with antiangiogenic-based therapies in the future. Also, imaging of VEGFR-2 may provide insight into the preclinical development of novel antiangiogenic compounds. Some radiotracers have been previously reported for in vivo imaging of VEGFR expression, including targeting of VEGFR-1 and VEGFR-2 with VEGF-A (26). However, VEGF-A tracers face the challenge of high renal uptake, due to high VEGFR-1 expression in the kidney, resulting in low signal contrast and hampered clinical translation (27) . Although the 64 Cu-labeled mutant of VEGF 121 (VEGF DEE ) achieved promising results for lowering kidney uptake, accurate evaluation of the dynamic microdistribution of VEGFR-2 in vivo with high spatial and temporal resolution remains a major challenge (28) .
To our knowledge, this study reports the first instance of using radiolabeled RamAb for the molecular imaging of VEGFR-2 expression in vivo. We successfully developed and characterized 64 Cu-NOTA-RamAb for PET imaging of VEGFR-2 expression in NSCLC xenograft tumors. Although the selectivity of RamAb for VEGFR-2 was previously reported in vitro (29), we used A549 (VEGFR-2-negative/VEGFR-1-positive) and HCC4006 (VEGFR-2-positive/VEGFR-1-negative) cell lines to further show the selectivity of RamAb for VEGFR-2 (30, 31) . VEGFR-2 specificity of 64 Cu-NOTA-RamAb was demonstrated by experiments in vitro, in vivo, and ex vivo, proving it as a promising PET tracer with high clinical potential for diagnosing and monitoring VEGFR-2 expression in tumors. Compared with other antibody-based PET tracers, the tumor accumulation of RamAb obtained in this study is relatively low (;10 %ID/g). The reason for this lower uptake may be that RamAb is targeting a receptor that is expressed at lower levels in comparison to VEGFR-1 (32) .
The advantages of antibody-based tracers can be attributed to their high binding selectivity for specific receptors or antigens, making them optimal candidates for both drug delivery and molecular imaging. Improvements in tumor accumulation may be obtained through using fragmented RamAb, because antibody fragments display rapid blood clearance in vivo due to their small size. 64 Cu has been extensively examined as a potential diagnostic agent, and 67 Cu can be a perfect therapeutic isotope that possesses the same chemical entity, which can facilitate future clinical translation, especially when RamAb is already in clinical use (33) . In future studies, several other isotopes (e.g., 89 Zr, 52 Mn, and 55 Co) display appropriate radioactive decay and emission characteristics suitable for intact antibody-based PET imaging (34, 35) , which could be investigated for potential clinical translation should PET scans at later times (e.g., 3-10 d after injection of radiolabeled RamAb) be needed in cancer patients to evaluate VEGFR-2 expression. One issue that needs to be considered in future clinical investigation is that these isotopes may lead to higher radiation doses to normal organs than 64 Cu-labeled antibodies. Also, employment of other disease models may provide new information regarding the role of VEGFR-2 in the progression of other human illnesses. 
